Screwworm Eradication in North and Central America
E.S. Krafsur*, C.J. Whitten** and J.E. Novy*** Screwworms, Cochliomyia hominivorax (Fig. I) Screwworms, Cochliomyia hominivorax (Diptera: Calliphoridae) have been eradicated from vast areas where they once were endemic the year round, thereby freeing the continental USA from seasonal risk of infestation. Eradication in Mexico west of 93 ° latitude was recently declared 1 and now less than 230 000 km2 of Mexican territory remain at risk to screwworms. This accomplishment confirms the robustness of the sterile insect release technique (SIT) proposed by Knipling 2 and first demonstrated by Baumhover and colleagues 3 (Box 1). It is testimony also to the planning of the Joint Mexico-American Commission and the perseverance and skill of thousands of Mexican workers. Much of the story is set forth by programme personnel in a recent publicatior.t 5.
Screwworms are obligate parasites of mammals that cause primary myiasis in preexisting wounds. The lm~ae from a single oviposifion can kill smaller animals, and superinfections can kill mature cattle. Humans can also be iiffected and even killed 6. Screwworm control by chemical methods and animal husbandry was expensive, short term, and relatively ineffective before SIT first was brought to bear on the problem in the southeaste.rn USA (Fig. 2) 7.
Myiasis begins when egg masses of up to 450 eggs (350 on average) are oviposited on wounds. Flies may dew.qop and lay subsequent egg batches a:: a temperaturedependent rate provided that sufficient wounds are available. Screwworms are highly fecund and migration is an important component of their population ecology 8. Although fly densities tend to be low on average, the fly populations are highly aggregated and local populations may be quite numerous 8. This has an important bearing on the outcome of sterile male releases, for there is no evidence that (~1987, Elsevier Pubhcations, Cambridge 0169-4758/87/$0200 released males search out population centres of native flies or that wild females disperse to avoid brother-sister matings.
Before the advent of SIT, the geographical range of screwworms in the USA extended seasonally and discontinuously from North and South Carolina westward to California. Screwworm foci were present in Iowa, Illinois, Minnesota, South Dakota, Utah, Wisconsin, and other midwestern and western states, usually in mid and late summer9,10. In winter, populations were confmed to Florida and the southern portions of Texas, Arizona, New Mexico and California in addition to Mexico 11-13 and countries south to Argentina.
The annual case incidence in Texas (Fig.  3a) provides an index of abundance since 1962. A further index is provided by case reports from Arizona and New Mexico (Fig. 3b) . A case represents a sample of larvae, usually those larvae hatching from a Mass-reared screwworms were sterilized as 5-day old pupae with 6°Co and after adult emergence, both sexes were released 7. Beginning in 1975 irradiation was performed with 137Cs and the minimum radiation dose applied was 5500 rads. Females so treated invariably fail to undergo vitellogenesis and so do not oviposit. Sterile fly dispersions in the old 'barrier zone' included highly endemic areas 13 of the frontier states of Mexico (Fig. 2) . Typically, releases in Mexico would be made in winter and spring, and continue so long as the USA remained free of substantial screwworm populations. USDA aircraft were loaded in Mission, Texas (Fig. 4) 
(Ref. 1)
. This extraordinary achievement represents a far greater undertaking than the Florida 7 and southwestern USA campaigns.
Present Status
Recent events are set forth in Table 1 , which shows case reports in the states immediately to the west of the barrier zone, in the present barrier zone, and east of the barrier zone where systematic fly releases began in 1986. The recent decline in screwworm cases in the barrier occurred even though sampling effort increased, as is demonstrated by the increased number of non-screwworm cases. It seems that the Republic of Mexico should soon be entirely free of screwworms.
Eradication Strategy
Early surveys 13 had shown the geographical and seasonal distribution of screwworms in northern Mexico, where they were highly endemic. Much of Mexico is mountainous with high plateaux 19 and winter temperatures may be limiting in the north 13. Nevertheless, screwworm eradication in Mexico was bound to be more difficult than in the USA because of the huge area to be treated, the continuous presence of stable populations in the tropical and subtropical lowlands, and difficult logistics and communications. Extensive, isolated valleys also exist and were thought to harbour screwworm populations that could have been reproductively isolated and therefore refractory to the sterile insect technique.
The eradication strategy was essentially one of 'overkill' 1,20,21, relying principally on the production of tremendous numbers of sterilized flies. Important programme components included public education, an extensive livestock inspection programme in areas undergoing sterile fly treatment, and now stringent inspection of all animals transported to screwworm-free areas from the new barrier zone. Transported livestock are inspected, dipped or sprayed at five stations in the barrier zone, which are manned with Mexican Army as well as Commission personnel. Suspect animals are quarantined and the seemingly uninfested accompanying animals are reinspected at their destinations. This strategy was employed also in the Florida and southwestern USA campaigns, but the effort, organization, and effectiveness necessary in Mexico was very much greater. In particular, the logistics of maintaining US-made machinery and equipment, of importing and tl-ansporting up to Field Operations Three distribution centres were estabfished at the outset of the Mexico programme, in Tampico, Guadalajara, and Tuxtla Gutierrez 20 (Fig. 5) . Radiosterilized pupae were transported initially by modified DC-6 aircraft and later by refrigerated truck to these centres, where they were packaged, held until about 90% of the pupae had emerged, loaded onto aircraft, and aerially distributed. Aeroplanes were hired from private contractors when it Fig. 4 to 70 single and twin-engine aircraft were used, and navigational aids were adopted in 1983 that permitted more precise targeting of sterile flies than was possible when naviSterile fly releases were routinely made over large areas twice weekly; flights were made in early morning to minimize heat the released flies. Between 800 and 3100 flies (of both sexes) were released per km 2, distributed from parallel lanes set 3.2 km apart on any one flight. These lanes were offset by 1.6 km on the subsequent flight, thereby maximizing the chances of breeding sites 15,28,29. Local reports of screwworms governed the eradication tactics. District veterinary officers were empowered to establish distribution subcentres and provided with sufficient authority, inspectors, sterilized pupae, pilots, and aircraft. Special grid releases could be superimposed on the routine 'blanket' grid, and additional releases were made over watercourses and local outbreak centres.
Hypothetical 'critical lines' were established progressively southward during the course of the eradication campaign. These lines, of which the first was erected in January 1981, extended from the Gulf of Mexico to the Pacific coast. Indigenous screwworm populations were considered eradicated in the area behind the line (north or west, depending on longitude), and any screwworm cases detected were considered as evidence of a successful recolonisation (with the exception of infestations in transported animals). Extraordinary measures were taken to fmd and eliminate any related infestations by concentrating livestock inspectors, instituting quarantine procedures and carefully targeting sterile fly releases in the area. A six-month period must elapse in which no screwworm cases are found before a State can be declared officially screwworm free.
Large numbers of livestock inspectors were necessary to provide information on screwworm distribution and abundance and to obtain participation of the agricultural community. Up to 540 inspectors performed sampling, educated stockmen and helped to develop public awareness of the eradication programme. Screwworm cases. had to be solicited in Mexico far more than in the USA, where an adequate network of roads and highly developed state extension services existed. Also, many Mexican stockmen do not consider screwworms to be economically as serious as do US stockmen. In September 1986, 249 inspectors were employed (see Box 3).
Is eradication real?
Of course, it is imlx~ssible to prove a negative. Thus it is a formal (if unlikely) possibility that undetected screwworms persist, scattered in low ,densities or as isolated, relict populations 3:'. We consider the possibility of such populations to be small because screwworms are ]highly fecund, and an average female at eclosion produces about 135 female progeny in her adult lifetime (E.S. Krafsur, unpublished). Furthermore, the generations overlap constantly and there is no diapause so cases should appear whenever screwworms are present and temperatures; sufficient to allow flight and oviposition (about 16°C) 11. Sampiing of adults or their ovipositions show highly aggregated or contiguous distributions 8, and previously inseminated females demonstrate an enormous propensity for dispersal 3°,33, at least in semi-arid environments. These life history features generate the 'boom and bust' population dynamics shown by screwworms. Furthermore, the clinical severity of screwworm infestation, together with the active seeking of cases by stockmen and programme inspectors make it exceedingly unlikely t_hat local outbreaks would go undetected for long.
Future Extensions
Maintenance of a barrier in its present location requires sterile fly dispersions over an area of approximately 158 000 km 2 (Fig.  5) . This task was said to require 150 million flies per week. Also, an expensive inspection and quarantine programme must be maintained, and the eventual annual cost was stated to be US$50 million 34. More recent estimates put the combined cost to Mexico and the USA at US$15 million. The maintenance costs and risk of reinfestation could both be minimized by applying eradication procedures progressively southwards, to the Darien Gap in Panama, an area of only 12 000 km 2 (Fig. 6) . Annual appropriations by the US Congress for screwworm eradication to the Southwest Screwworm Eradication Programme and to the Joint Mexico-American Commission are provided in Table 2 . The modest research expenditures are not included. The relative US and Mexican contributions are fixed by treaty at 80°A~20% respectively and were decided on the basis of the relative sizes of the national livestock industries.
Clearly there is no conceptual or operational reason why the programme cannot be extended southwards to Panama 34. The remaining obstacles facing the project would seem to be political, because seven Fig. 3c ) was less than in USA (Fig. 3a, b) . Discovery and ~ ofdevel~larvae in wounds alone therefore would count little towards eradication. than once obtained in USA.
Estimates of sterile mating ~uencies ~ released factory males and native females in Mexico were m before and during the eradication camusually with the object of evaluating newly synthesized mains for ~d effectiveness. The sterile mating provide evidence that SIT was effacacious in Mexico, as is suggested by the acc tabulation. ~ sterile mating rates are fully comparable to earlier estimates from Texas, Florida and Curacao zg. (Fig. 5) . The amendment also provides for negotiations and agreements with Central American countries and Panama, and in December 1986 it was officially agreed to begin eradication procedures in Guatemala.
Meanwhile, programme managers must remain aware that screwworms have the capacity to return to Mexico and the USA. After eight years of highly effective suppression, screwworm populations exploded in 1972 in the southwestern USA (Ref. 1). As perception of risk to screwworm attack declines, the livestock industry and animal health authorities become increasingly less likely to detect a return of screwworms in good time, allowing re-establishment of the species. In addition, there is an appreciable risk of the Tuxtla factory suddenly ending production because of social unrest or earthquake. A new factory in Panama would reduce this risk. Meanwhile, the old Mission plant (Fig. 4) remains on standby, ready to resume production of sterile flies, although flies are not currently maintained in Mission because of the chance of escapes. An 'insurance' colony is maintained by the USDA Agricultural Research Service in Following these early reports, differences between cattle breeds in the face of tsetse challenge have been a recurrent observa-
